each of which contains a Dna-binding domain of approximately 110 amino acids dubbed the 'forkhead box'. the members of the family are subdivided alphabetically and numerically into subfamilies based on evolutionary conservation (Kaestner et al, 2000) . Forkhead factors have essential roles in regulatory networks that are involved in development, signalling, metabolism and human disease. Here, we summarize the new information presented at the meeting, to emphasize the breadth of biological areas in which forkhead factors have crucial regulatory roles. We apologize to the many colleagues whose exciting work we could not include owing to space limitations.
Epigenetics and forkheads
the evolutionarily conserved forkhead box has been structurally characterized by both X-ray crystallography and nuclear magnetic resonance (nMr) spectroscopy, and resembles a butterfly or 'winged helix' that is reminiscent of the globular chromatin-binding domain of linker histones H1 and H5 (clark et al, 1993; Weigelt et al, 2002) . However, unlike linker histones, which compact the chromatin structure, binding by forkhead factors relieves chromatin compaction at target enhancer and/or promoter sites, allowing the entry of other transcriptional activators to induce target gene expression (cirillo et al, 2002) . relatively little is known about the mechanisms that define how forkhead factors choose among highly similar binding sites in the genome, and, more importantly, the developmental and biological consequences of this choice. the keynote address from M. Brown (Boston, Ma, uSa) emphasized the essential role that chromatin modifications have in specifying forkhead factor binding and steroid receptorregulated gene expression. genome-wide profiles of FoXa1 binding in McF7 breast cancer cells have shown that the distribution of histone H3 lysine 4 di-methylation (H3K4me2) defines differential cell-specific FoXa1 recruitment sites in chromatin. intriguingly, although H3K4me2 is required for the maintenance of FoXa1 binding, FoXa1 is not required for either the genesis or the maintenance of H3K4me2 (lupien et al, 2008) , which raises the question of how this marker is specified. overlapping forkhead and oestrogen receptor binding motifs occur at the enhancers of more reviews me e t ing rep or t than 50% of all oestrogen receptor-responsive genes. Knockdown of FOXA1 in McF7 cells leads to the loss of Dnase hypersensitivity and oestrogen receptor binding at these enhancers, which generally lie at a considerable distance from core promoters (carroll et al, 2005) . the ability of FoXa1 to read a histone-modification signature and alter chromatin structure-allowing the subsequent binding of lineage-specific transcription factors-emphasizes how the expression and function of forkhead factors must be carefully regulated. p. Koeffler (los angeles, ca, uSa) supported this concept with data on a growth-inhibitory role for FoXa1 in breast cancer, in which dysregulated levels of this transcription factor might act as a potential prognostic marker. new work described by K. zaret (philadelphia, pa, uSa) (yan et al, 2006) , suggesting that this might be a general way in which forkhead factors potentiate sustained developmental regulatory control.
Stable mitotic binding might prove to be deleterious for forkhead factors that dictate inducible gene expression, as exemplified by the FoXo factors. these regulate target genes in glucose metabolism, stress resistance, cell-cycle arrest and Dna-damage response (Barthel et al, 2005; Birkenkamp & coffer, 2003) . accordingly, dysfunction of these proteins has been proposed to have a role in ageing and disease. protein kinase B (pKB)/aKt-mediated phosphorylation of FoXo factors inhibits FoXo-mediated transactivation by promoting cytoplasmic sequestration (Biggs et al, 1999) . in addition, data presented by l. cirillo (Milwaukee, Wi, uSa) suggest that acetylation regulates the stability of FoXo factors that are bound to chromatin. cyclic acetylation and deacetylation of nuclear FoXo factors might regulate their 'dwell time' on chromatin, potentially shifting the nuclear/cytoplasmic balance and their availability for inducible gene activation/repression.
Developmental redundancy resolved into adult specificity
the forkhead proteins within a subfamily often show functional redundancy in controlling processes in the embryo, but have distinct functions in the adult organism-regulating metabolism, stress response, cell-cycle control or neuronal plasticity, for example. Data presented by K. Kaestner (philadelphia, pa, uSa) suggest that, although FoXa1 and FoXa2 show redundant and overlapping functions during early pancreatic development in the embryo, FoXa2 exhibits specific biological functions in the adult endocrine pancreas (Fig 1) . Both FoXa1 and FoXa2 bind to the enhancer region of the gene encoding the pancreatic transcription factor pDX1, which is essential for pancreas development. Elimination of PDX1 expression requires the knockout of FOXA1 and FOXA2, and the resulting mice have no pancreas (Fig 1a) . However, the situation changes in the adult endocrine pancreas, where function is solely dependent on FoXa2 (Fig 1B) . Expression profiling identified many new targets of FoXa2 in islet cells, including genes involved in vesicular trafficking, membrane targeting and fuel-secretion pathways, which comprise a transcription network regulated by FoXa2 in mature β-cells (gao et al, 2007) .
as in the case of β-cells of the endocrine pancreas, FoXa2 works together with FoXa1 during the embryonic specification of dopaminergic neurons. However, data presented by S.-l. ang (london, uK) raise the intriguing possibility that the timing and duration of midbrain dopaminergic (mDa) neuron differentiation are regulated by the concentration of FoXa1/2 in these cells (Ferri et al, 2007) . lossof-function studies in mice bearing different numbers of FoxA1/2 alleles suggest that FoXa1 and FoXa2 cooperate to regulate the differentiation of mDa neurons in a dosage-dependent manner, whereby FoXa1/2 proteins are required at progressively higher levels as the mDa cells mature. Similarly, the dosage of FoXF1 and FoXF2 factors has an important role in both development and proliferation in the intestinal epithelium (Fig 2) . p. carlsson (goteborg, Sweden) showed that both of the FoxF genes are important for the development of the gut, where they promote the production of the extracellular matrix (EcM), and inhibit epithelial proliferation by reducing Wingless (Wnt) and increasing bone morphogenetic protein (BMp) signalling from the surrounding mesenchyme. tissue layers of the intestine disintegrate in FoxF2 -/-mice (ormestad et al, 2006) . the importance of FoXF proteins as signalling hubs in the gut is illustrated by the influence of FOXF gene dosage. FoXF1 and FoXF2 block production of Wnt5a by two distinct mechanisms, and inactivation of either one has dire consequences for the regulatory control of proliferation in intestinal epithelia.
Forkhead factors: a crucial balance
Human genetic disorders have been attributed to mutations in genes encoding forkhead transcription factors, further highlighting how the expression and function of these factors must be tightly controlled. in exciting work that established a strong correlation between elevated FOXA2 expression in dopaminergic neurons and parkinson disease, r. McKay (Bethesda, MD, uSa) showed that the correct dosage of FoXa2 is essential for the maintenance of adult dopaminergic neurons. intriguingly, aged FoxA2-heterozygous mice spontaneously develop deficits in motor skills, which are accompanied by an asymmetric loss of motor neurons from the substantia nigra, similar to that seen in parkinson disease (Kittappa et al, 2007) . Families with a high incidence of parkinson disease carry single-nucleotide polymorphisms (Snps) mapping to the FOXA2 gene. the potential treatment of dopamine neuron disease might therefore lie in controlling FOXA2 expression through stem cell-based and/or pharmacological approaches.
S. Fisher (oxford, uK) and colleagues previously discovered a heterozygous mutation of FOXP2 in a family in which members suffered from a severe speech and language disorder that involved problems with learning and produced complex orofacial movements. at the meeting, Fisher and colleagues showed that heterozygous mice carrying the equivalent mutation had abnormal synaptic plasticity in the neural circuits that mediate motor-skill learning (groszer et al, 2008) . c. Scharff (Berlin, germany) underscored the role of FoXp2 in learned vocalizations, complete with digitized reproductions of bird song. Juvenile male zebra finches learn highly structured and stereotyped songs from adult conspecifics at a time when they also show increased FoXp2 expression in area X, which is a basal ganglia structure necessary for song acquisition (Haesler et al, 2004) . rna interference (rnai)-depletion of FoXp2 in area X of juvenile finches led to incomplete and inaccurate imitations of the tutor finch. these data are consistent with a conserved role of FoXp2 in the neural circuits mediating motor learning, which might have been recruited for vocal learning in songbirds and humans.
M. Walter (Edmonton, canada) continued the theme of the crucial dosage of forkheads. Walter previously linked mutations in the human FOXC1 gene with axenfeld-rieger syndrome, which is an autosomal-dominant malformation of the eye associated with glaucoma (Mears et al, 1998) . notably, many FOXC1 mutations observed in axenfeld-rieger syndrome prevent post-translational modifications or protein-protein interactions that normally keep FOXC1 silent. genes that are involved in stress responses are direct targets of FoXc1 in ocular cells, including FOXO1a, which regulates the cell cycle, apoptosis and survival under oxidative stress (Birkenkamp & coffer, 2003) . Multiple lines of evidence indicate that the pathology associated with glaucoma might result, in part, from oxidative damage caused by FOXC1 dysfunction, and an imbalance between the generation and removal of reactive oxygen species.
Forkheads regulate cell-cycle progression
Forkhead factors function-in combination with other transcription regulatory proteins-to coordinate developmental and physiological processes. this is perhaps especially apparent for forkhead factors that regulate the cell cycle. in yeast, the g2/M phase-specific expression of 30 genes comprising the cyclin B (Clb2) cluster is controlled by the yeast forkhead factors Fkh1 and Fkh2 (Wittenberg & reed, 2005) . J. Mellor (oxford, uK) presented an intriguing mechanism by which the forkhead factors Fkh1 and Fkh2 regulate CLB2 transcription. Fkh2 activates transcription of the CLB2 gene, which encodes a B-type cyclin that is required during g2/M (Sherriff et al, 2007) . During g1, Fkh2 represses CLB2 by promoting antisense transcription from the 3' end. Fkh1, along with the stressresponse factor centrosome binding factor 1 (cbf1), induces sense transcription and represses anti-sense transcription induced by Fkh2. this sense/anti-sense tug-of-war is not restricted to CLB2, as Fkh1 and Fkh2 similarly regulate HMS2.
in mammalian cells, the forkhead factor FoXM1 controls progression into S phase by upregulating expression of the cDK2-activating phosphatase CDC25A, and downregulating protein levels of the cDK inhibitors p21 CIP1 and p27 KIP (Wang et al, 2005) . H.-J. park (chicago, il, uSa)-a student of the late r. costa, who largely defined the forkhead family-presented elegant work on the regulated stability of the FoXM1 protein. FoXM1 degradation is stimulated by its amino-terminal interaction with the anaphasepromoting complex (apc)/cyclosome (c) complex and its adaptor cadherin 1, type 1, E-cadherin (cDH1). Waves of ubiquitinmediated proteolysis and the active degradation of FoXM1 in late mitosis and early g1 prevent entry into S phase. the precision in FoXM1 regulation is underscored by its role in hepatocellular carcinoma (Kalinichenko et al, 2004) , supporting its importance in cell-cycle control.
Fig 2 |
Forkhead factors working towards a common goal. Both forkhead box F1 (FOXF1) and FOXF2 are required for normal embryonic development and integrity of the intestine. FOXF1 and FOXF2 act by distinct and nonoverlapping mechanisms, and together maintain intestinal epithelial integrity by promoting extracellular matrix (ECM) production through inhibition of Wingless 5a (WNT5a). In the absence of FOXF2, specific layers of the gut disintegrate. BMP4, bone morphogenetic protein 4.
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Forkheads in metabolism and lifespan
reduced food intake, which is known as dietary restriction, is associated with increased lifespan in worms, flies and mammals (van der Horst & Burgering, 2007) ; however, the genetic components that regulate the effect of dietary restriction on lifespan have remained elusive. a. Dillin (la Jolla, ca, uSa) described an adult-specific function for the forkhead factor pHa-4 (Foxa) in the regulation of dietary restriction-mediated longevity in Caenorhabditis elegans. the role of pha-4 in lifespan determination is specific for dietary restriction, as it does not affect the extended longevity caused by other genetic pathways that regulate aging such as insulin/insulin-like growth factor 1 (igF-1) signalling (iiS), abnormal dauer formation 16 (daf-16)/FoxO and reduced mitochondrial activity (panowski et al, 2007) . this is despite the fact that DaF-16 and pHa-4 bind overlapping sites in vitro, and Suppressor of mitogen-activated protein kinase 1 (SMK-1) might regulate both DaF-16 and pHa-4 to modulate the iiS and dietary restriction pathways, respectively. interestingly, S. Mango (Salt lake city, ut, uSa) described that pha-4-mediated lifespan extension in worms is antagonized by target of rapamycin (tor) signalling. the pha-4 gene is not required for lifespan extension through iiS; rather, inhibition of tor-dependent protein translation and subsequent extension of lifespan requires pha-4, and tor is intimately linked to dietary restriction-mediated longevity.
Summary
the broad strokes emphasized by this conference reveal that forkhead transcription factors have remarkable and crucial roles in numerous pathways that control normal development and homeostasis. the molecular mechanisms exploited by forkhead factors continue to be revealed and clearly hold great promise for a better understanding of many processes, including ageing and disease. as noted by several speakers, the last (and only) previous meeting to focus on forkhead transcription factors was held more than 10 years ago. in light of the tremendous growth in this field, the high level of enthusiasm expressed by the attendees and continuing revelations about the regulatory importance of forkhead factors in biology, we suggest a decreased interval between future meetings. rEFErEncES Barthel a, Schmoll D, unterman tg (2005) 
